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Description 

BACKGROUND OF THE INVENTION 

This invention relates to a novel elec- 
trodeionization module adapted to transfer ions in a 
liquid under the influence of a polar field. More 
specifically, this invention relates to an elec- 
trodeionization apparatus adapted to purify aque- 
ous liquids to effect the production of high purity 
water and a process of removing ions from a liquid 
using said electrodeionization apparatus. 

The purification of a liquid by reducing the 
concentration of ions or molecules in the liquid has 
been an area of substantial technological interest. 
Many techniques have been used to purify and 
isolate liquids or to obtain concentrated pools of 
specific ions or molecules from a liquid mixture. 

The most well-known processes include dis- 
tillation, electrodialysis, reverse osmosis, liquid 
chromatography, membrane filtration and ion ex- 
change. A less known method is electrodeioniza- 
tion, occasionally mistermed filled cell elec- 
trodialysis. 

The first apparatus and method for treating 
liquids by electrodeionization was described by 
Kollsman in U.S. Patent Nos. 2,689,826 and 
2,815,320. The first of these patents describes an 
apparatus and process for the removal of ions 
within a liquid mixture in a depleting chamber 
through a series of anionic and cationic diaphragms 
into a second volume of liquid in a concentrating 
chamber under the influence of an electrical poten- 
tial which causes the preselected ions to travel in a 
predetermined direction. The volume of the liquid 
being treated is depleted of ions while the volume 
of the second liquid becomes enriched with the 
transfer ions and carries them in concentrated 
form. The second of these patents describes the 
use of macroporous beads formed of ion exchange 
resins as a filler material positioned between the 
anionic or cationic diaphragms. This ion exchange 
resin acts as a path for ion transfer and also serves 
as an increased conductivity bridge between the 
membranes for the movement of ions. 

The term "electrodeionization" refers to the 
process wherein an ion exchange material is posi- 
tioned between anion and cationic diaphragms. The 
term "electrodialysis" refers to such a process 
which does not utilize ion exchange resins between 
the anionic and cationic diaphragms. Illustrative of 
other prior art attempts to use the combination of 
electrodialysis and ion exchange materials or res- 
ins to purify saline from brackish are described in 
U.S. Patent numbers 2,794,777; 2,796,395; 
2,947,688; 3,384,568; 2,923,674; 3,014,855 and 
4,165,273. Attempts to improve electrodeionization 
apparatus are shown in U.S. Patents 3,149,061; 



3,291,713; 3,515,664; 3,562,139; 3,993,517 and 
4,284,492. 

A commercially successful electrodeionization 
apparatus and process is described in U.S. Patent 

5 4,632,745. The apparatus utilizes ion depleting 
compartments containing an ion exchange solid 
composition and a concentrating compartment 
which is free of ion exchange solid material. The 
electrodeionization apparatus includes two terminal 

w electrode chambers containing an anode and a 
cathode respectively which are utilized to pass 
direct current transversely through the body of the 
apparatus containing a plurality of ion depleting 
compartments and ion concentrating compart- 

75 ments. In operation, the dissolved ionized salts of 
the liquid are transferred through the appropriate 
membranes from the ion depleting compartments 
to the ion concentrating compartments. The ions 
collected in the ion concentrating compartments 

20 are removed through discharge outlets and are 
directed to waste. One difficulty in utilizing elec- 
trodeionization apparatus is the deposit of insoluble 
scale within the cathode compartment primarily 
due to the presence of calcium, magnesium and 

25 bicarbonate ions in the liquid which contact the 
basic environment of the cathode compartment. 
Scaling can also occur in concentrating compart- 
ments under conditions of high water recovery. The 
scale comprises primarily alkaline earth metal car- 

30 bonates and hydroxides which increase the elec- 
trical and hydrolytic resistance of the cathode and 
concentrating compartment and, as a result, lowers 
the efficiency of the apparatus. 

It has been proposed in U.S. Patent 3,341 ,441 , 

35 in an electrodialysis process, to reverse periodi- 
cally the direction of current flow in which case, the 
electrode once serving as the cathode becomes 
the anode and anode electrode becomes the cath- 
ode. The solution flowing through the anode cham- 

40 ber becomes acidic due to anodic electrolytic ac- 
tion, and the acid thus formed tends to dissolve a 
small portion of scale formed therein during the 
time the electrode was cathodic. In the process, 
the acid generated within the anode chamber is 

45 allowed to attain a sufficiently high concentration in 
the chamber so as to dissolve precipitated solid 
formed therein during the electrodes 1 previous ca- 
thodic cycle and thereafter, reversing the polarity of 
the direct current is performed at periodic intervals. 

50 In a preferred form of the process a third step is 
also employed comprising continuously flushing 
the cathode compartment with a sufficiently large 
volume of electrolyte solution to quickly remove 
any base generated therein. When the direct cur- 

55 rent is reversed, the ion depleting compartments 
become the ion concentrating compartments and 
the ion concentrating compartments become the 
ion depleting compartments. This process is un- 



3 



EP 0 379 116 B1 



4 



desirable since a large volume of liquid being puri- 
fied must be discharged to waste in a time interval 
immediately following voltage polarity reversal 
since the concentration of electrolyte in the newly 
formed ion depleting compartments is too high for 
a period of time to render the purity of the liquid 
product acceptable. An additional disadvantage of 
this process is that in order to avoid scaling in the 
concentrating and cathode compartments, that the 
time between polarity reversal must be short, since 
the generation of hydroxide ion that occurs at the 
cathode and anion membranes in normal operation 
is unbuffered due to the lack of ion exchange 
resins in the compartments of the device. 

US-PS-3 099 615 describes an apparatus com- 
prising electrodes in electrode compartments, 
wherein ion selective membranes subdivide the cell 
space between the electrodes into treatment cham- 
bers having an inlet port for liquid to be treated and 
discharge ports for dilute and concentrate, respec- 
tively, as well as a method using said apparatus. 

It would be desirable to provide a means for 
preventing scale buildup in the electrode and con- 
centrating compartments in an electrodeionization 
process while at the same time avoiding the loss of 
any liquid product which is being purified, and 
extending the time between reversal cycles as long 
as possible. 

SUMMARY OF THE INVENTION 

The present invention provides an apparatus 
capable of producing water of up to about 1 .0 meg 
ohm cm quality or better while avoiding buildup of 
particulates, organics and scale within the appara- 
tus. The apparatus includes a plurality of elec- 
trodeionization compartments comprising an odd 
number of ion permeable membranes to form at 
least one ion depleting compartment and at least 
one ion concentrating compartment each of which 
compartments contains a solid ion exchange com- 
position (a "dual compartment"). Each of the com- 
partments is divided into subcompartments by 
means of a spacer and ribs spaced apart from 
each other so that the subcompartments have a 
width defined by the distance between the ribs of 
between about 0.3 and 4 inches and a thickness of 
between about 0.05 and 0.25 inches. 

Specifically, the electrodeionization apparatus 
adapted to remove ions from a liquid comprising: 
a first cathode compartment at a first end of said 
apparatus, 

a first anode compartment at the end of said ap- 
paratus that is opposite of said first end, 
ion depleting compartments, ion concentrating 
compartments and ion permeable membranes, 
each of said ion depleting compartments and each 
of said ion concentrating compartments comprising 



a spacer and a plurality of ion depleting subcom- 
partments and ion concentrating subcompartments, 
said subcompartments being formed by a plurality 
of ribs extending along the length of each of said 
5 ion depleting compartments and said ion concen- 
trating compartments, 

each of said ion depleting subcompartments and 
said ion concentrating subcompartments having a 
rib defined by the distance between said ribs of 

10 between about 0.762 to 10.16 cm (0.3 and 4 
inches) and a thickness between about 0.127 to 
0.635 cm (0.05 and 0.25 inches) wherein the thick- 
ness of said subcompartments is defined by the 
distance between an anion permeable membrane 

75 and a cation permeable membrane, 

each of said ion permeable membranes being bon- 
ded to a spacer and said ribs within a spacer, 
means for passing a first liquid to be purified 
through said ion depleting compartments, 

20 means for passing a second liquid for accepting 
ions from said first liquid through said ion con- 
centrating compartments, 

means for supplying an electrical voltage between 
an anode in said anode compartment and a cath- 
25 ode within said cathode compartment, 
is characterized by: 

a plurality of "dual compartments" comprising an 
ion depleting compartment and an ion concentrat- 
ing compartment and an odd number of at least 

30 three ion permeable membranes alternately posi- 
tioned along the length of said dual compartments, 
wherein each of said ion depleting subcompart- 
ments and said ion concentrating subcompart- 
ments contain an ion exchange resin composition, 

35 means for reversing polarity of said electrical volt- 
age to convert said anode to a second cathode and 
to convert said cathode to a second anode and to 
convert said ion depleting compartments to second 
ion concentrating compartments and to convert 

40 said ion concentrating compartments to second ion 
depleting compartments and, means for recovering 
a liquid product having low conductivity continu- 
ously from said ion depleting compartments and 
said second ion depleting compartments. 

45 The ion permeable membrane is positioned 

between the compartments and at the opposing 
ends of the compartments and are bonded to the 
ribs and spacers so as to retain the solid ion 
exchange material within the subcompartments. In 

50 addition, the ion permeable membranes are posi- 
tioned so that anion permeable membranes and 
cation permeable membranes alternate along the 
thickness of the electrodeionization apparatus. A 
plurality of dual compartments can be joined to- 

55 gether in a manner such that adjacent dual com- 
partments share a common ion permeable mem- 
brane to form the electrodeionization apparatus, or, 
neutral zones can be positioned between the dual 
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compartments. During operation, the polarity of 
voltage applied to the electrodes is reversed in 
order to dissolve and desorb organics at the cath- 
ode, to oxidize deposits and dissolve any scale at 
the anode.to dissolve any scale from prior cycles in 
the newly formed depleting compartments and to 
desorb any adsorbed foulants that may be depos- 
ited during use of the apparatus in the newly 
formed concentrating compartments. As a result of 
voltage polarity reversal, the compartments which 
were initially ion depleting compartments become 
ion concentrating compartments and the initial ion 
concentrating compartments become ion depleting 
compartments. There is no need to direct product 
liquid to waste as a consequence of voltage polar- 
ity reversal since there is an unexpected rapid ion 
migration and ion depletion within the newly 
formed ion depleting compartments combined with 
a time delay in the increase of concentration in the 
newly formed concentrating compartments such 
that the product liquid never attains an unaccep- 
tably high concentration of ions. Also, the time 
between reversal cycles can be extended due to 
an unexpected time delay of any pH shifts in the 
concentrating and cathode streams thereby de- 
creasing the scaling potential in the device. 

Further provided is a process of removing ions 
from a liquid by electrodeionization comprising the 
steps of: 

passing a first liquid to be purified through ion 
depleting compartments, 

passing a second liquid for accepting ions from 
said first liquid through ion concentrating compart- 
ments, 

supplying an electrical voltage between an anode 
within an anode compartment and a cathode within 
a cathode compartment, 
which is characterized by: 

passing the liquids through a plurality of dual com- 
partments comprising an ion depleting compart- 
ment and an ion concentrating compartment and 
an odd number of at least three ion permeable 
membranes, wherein the depleting and concentrat- 
ing compartments are divided by spacers into sub- 
departments containing ion exchange resin com- 
positions, 

reversing the polarity of said electrical voltage in 
periodical reversal cycles of two minutes to two 
hours to convert said anode to a second cathode 
and to convert said cathode to a second anode and 
to convert said ion depleting compartments to ion 
concentrating compartments and to convert said 
ion concentrating compartments to ion depleting 
compartments and recovering a liquid product hav- 
ing low conductivity continuously from said ion 
depleting compartments. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic view illustrating the 
operation of the apparatus of this invention. 
5 Figure 2 is a schematic view illustrating the 

operation of the apparatus of this invention where 
the plurality of apparatus of Figure 1 is reversed. 

Figure 3 is a pictorial view showing the dual 
compartment structure of this invention. 
io Figure 4 is a detailed view of the liquid inlet to 
the structure of Figure 3. 

Figure 5 is a schematic diagram showing the 
electrodeionization apparatus of this invention. 

Figure 6 is an alternate structure of the ion 
75 depleting and ion concentrating compartments of 
the invention. 

Figure 7 shows the conductivity of water prod- 
uct and concentrate as a function of time after 
polarity reversal. 

20 

DETAILED DESCRIPTION OF SPECIFIC EMBODI- 
MENTS 

In accordance with this invention, an elec- 
25 trodeionization apparatus is provided wherein each 
electrodeionization stage includes an anode com- 
partment, a cathode compartment, and a series of 
ion concentrating compartments which alternate 
with a series of ion depleting compartments. Each 
30 of the concentrating compartments and depleting 
compartments contains a solid ion exchange ma- 
terial such as a mixture of anion exchange resin 
and cation exchange resin. The concentrating and 
depleting compartments are formed so that the ion 
35 exchange resin mixtures are housed within inde- 
pendent discrete subcompartments each of which 
have a width of about 10.16 cm (4 inches) or less, 
preferably between 1.27 and about 3.81 cm (0.5 
and about 1.5 inches). The discrete subcompart- 
40 ments are formed by securing, such as by bond- 
ing, both the anion permeable membrane and the 
cation permeable membrane to the periphery of 
the depleting and concentrating compartments and 
to ribs which extend across the thickness of and 
45 along the length of the concentrating and depleting 
compartments, thus, each subcompartment is de- 
fined by a pair of ribs, the anion permeable mem- 
brane and the cation permeable membrane. 

As set forth herein, the term "dual compart- 
so ment" means a compartment formed of an odd 
number of permeable membranes, at least one 
depleting compartment and at least one concentrat- 
ing compartment, each of which compartments are 
divided into subcompartments, as described above. 
55 The ion permeable membranes are arranged so 
that the anion permeable membrane and the cation 
permeable membrane alternate along the thickness 
of the dual compartment. Thus, the dual compart- 
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ment can include one more cation permeable 
membrane than anion permeable membrane or can 
include one more anion permeable membrane than 
cation permeable membrane of the odd number ion 
permeable membranes. It has been found in accor- 
dance with this invention that the dual compartment 
structure permits reversing voltage polarity in a 
manner which does not require directing a portion 
of the liquid product to waste due to the presence 
of the solid ion exchange material positioned within 
the subcompartments by the ribs and by the ion 
permeable membranes. Representative suitable 
solid ion exchange materials include fibers, woven 
fibers, beads or the like. When utilizing ion ex- 
change beads, a typical bead diameter is about 
0.102 cm (0.04 inches) or less and usually between 
about 0.084 and about 0.031 cm (about 0.033 and 
about 0.012 inches) in diameter. 

The electrodeionization apparatus can com- 
prise one of a plurality of stages. In each stage, the 
anode is positioned at an opposite end of a stack 
of depleting and concentrating compartments from 
an end at which the cathode is positioned. Each 
anode and cathode is provided with an adjacent 
electrode spacer and an ion permeable membrane 
wherein an electrolyte passes through the elec- 
trode spacer. Optionally, the electrode spacer can 
be filled with ion exchange resin. The remaining 
portion of each stage comprises a series of al- 
ternating depleting and concentrating compart- 
ments constructed as set forth herein. The liquid to 
be depleted of ions can be passed in parallel 
through each depleting compartment in each stage 
and a second liquid can be passed through each 
concentrating compartments in parallel in each 
stage in order to effect removal of ions from the 
first liquid in the depleting compartment into the 
second liquid in the concentrating compartments. 
When a plurality of stages are utilized, the liquid 
removed from the depleting compartments in an 
upstream stage can be directed in series into the 
depleting compartments of the next adjacent down- 
stream stage. Similarly, the liquid removed from 
the concentrating compartments of an upstream 
stage can be directed in series to the concentrating 
compartments in the next adjacent downstream 
stage. Electrolyte can be obtained from the feed, 
product, neutral, or concentrate streams or from an 
independent source and passed through the spacer 
adjacent to each electrode in the electrodeioniza- 
tion apparatus and is removed from the elec- 
trodeionization apparatus. Optionally, electrolyte 
from the spacer adjacent the electrode can be 
passed through one or more neutral zones or the 
concentrate stream prior to being directed to 
waste. In accordance with this invention, scale and 
organics build up within the electrodeionization ap- 
paratus, particularly at the electrodes, is prevented 



by periodically reversing the voltage polarity such 
that the original anode becomes a cathode and the 
original cathode becomes the anode. When voltage 
polarity is reversed, the original depleting compart- 

5 ments become concentrating compartments and 
concentrating compartments become depleting 
compartments. At the electrodes any accumulated 
scale is cleaned during the anodic cycle and any 
accumulated organics are dissolved during the ca- 

w thodic cycle and are removed. Also any accu- 
mulated scale in the concentrating compartments is 
dissolved during the initial period of the diluting 
cycle and is rinsed to drain. In addition, any or- 
ganic foulants accumulated during the diluting cy- 

15 cle are desorbed from the resin and membranes 
during the concentrating cycle by the action of 
increased salinity and removed in the waste stream 
so that their presence does not adversely affect the 
quality of the water or function of the equipment. 

20 During voltage polarity reversal, it would be 

expected that a portion of the liquid recovered from 
the compartments would need be discarded since 
ion removal would not be sufficiently rapid during 
the polarity reversal. However, surprisingly, in ac- 

25 cordance with this invention, the ion removal from 
the newly formed depleting compartments is suffi- 
ciently rapid and during the initial period after re- 
versal there is a delay time between polarity rever- 
sal and deterioration of water quality in the newly 

30 formed concentrating stream so that the liquid 
product need not be discarded at any time during 
or between any cycle. In other words, the con- 
ductivity of the liquid product from either or both of 
the newly formed depleting or concentrating com- 

35 partments are sufficiently low as to render the 
liquid product acceptable in one stream or the 
other stream or both. This result is very desirable 
since it eliminates the need for valving and conduit 
means for directing a portion of the liquid product 

40 from the newly formed depleting compartment to 
waste followed by a reversal of the system flow to 
effect recovery of the liquid product from the newly 
formed depleting compartments. Also since polarity 
reversal in accordance with this invention permits 

45 continuous recovery of high quality product, the 
prior art need for a holding tank system with asso- 
ciated pumping capacity is desirably eliminated. 

In addition, it would be expected that the time 
between polarity reversal would be short, to pre- 

so vent the immediate localized formation of scale on 
surfaces such as the cathode and anion mem- 
branes. However, surprisingly, in accordance with 
this invention, localized scaling is minimized by the 
pH buffering action of the ion-exchangers in the 

55 concentrating and/or electrode streams. Therefore 
the time between polarity reversal can be extended 
resulting in purer product on the average. 
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It is essential that the subcompartments in the 
depleting and concentrating compartments have a 
controlled thickness and width in . order to sustain 
high efficiency of ion depletion over long periods. 
The thickness of the subcompartments should be 
about 0.127 and 0.635 cm (about 0.05 and 0.25 
inches), preferably, between about 0.152 and 0.318 
cm (about 0.06 and 0.125 inches). The width of the 
subcompartments should be between about 0.762 
and about 10.16 cm (about 0.3 and about 4 
inches), preferably between about 1.27 and about 
3.81 cm (about 0.5 and about 1.5 inches). There is 
no limit on the length of the subcompartment other 
than as dictated by practical construction and fluid 
pressure loss considerations. The longer the sub- 
compartment length, the greater the ion removal 
from the liquid therein. Generally, the length of the 
subcompartments is between about 12.7 and about 
177.8 cm (about 5 inches and about 70 inches). 
The subcompartments can contain 100% anion or 
cation exchange material or a mixture of the two. 
When it is desired to remove only a particular 
anion or particular cation, 100% of the appropriate 
ion exchange material is used. Usually it is desired 
to remove both cations and anions in order to 
produce a purified liquid product When utilizing 
strong acid-base resin materials such as beads, the 
ratio of anion exchange resin beads to cation ex- 
change resin beads generally is about 60 to 40 
percent by volume. By utilizing the subcompart- 
ment structure and the depleting and concentrating 
compartments, an efficient mixture of the liquid and 
the beads therein is obtained while avoiding chan- 
neling of the liquid through the depleting and con- 
centrating compartments as well as avoiding com- 
paction or movement of beads within a portion of 
the volume of depleting and concentrating com- 
partments. Thus, an efficient interchange of the 
ions in the depleting and concentrating compart- 
ments with the ions in the beads to effect ion 
removal from the liquid in the depleting compart- 
ments is attained. 

In one aspect of this invention, the product 
stream is directed to an apparatus having essen- 
tially the same physical structure as the apparatus 
of this invention but without means for polarity 
reversal to produce 10 megohm quality water or 
better. Polarity reversal in this downstream step is 
not necessary since the product water of this in- 
vention is highly pure. 

This invention will now be described with refer- 
ence to the accompanying drawings. 

Referring to Figure 1, liquid to be purified en- 
ters inlet 10 and passes through depleting com- 
partments 12, through depleting compartments 14 
and then is recovered from outlet 16. Concentrating 
liquid is passed through inlet 18, through con- 
centrating compartments 20 and 22 thence through 



outlet 24 to drain. Liquid electrolyte is circulated 
through electrode compartments 26, 28, 30 and 32 
from inlets 34 and is discarded to drain through 
outlets 36. When operated in the mode shown in 

5 Figure 1 , electrode compartments 26 and 30 com- 
prise cathodes and electrode compartments 28 and 
32 comprise anodes. 

Referring to Figure 2, the polarity of the elec- 
trodes is reversed such that electrodes 26 and 30 

w comprise anodes and electrodes 28 and 32 com- 
prise cathodes where a liquid electrolyte is cir- 
culated therethrough from inlets 34 and is dis- 
carded to drain through outlets 36. Because of the 
polarity reversal, the depleting compartments 12 of 

15 Figure 1 now become concentrating compartments 
13 and the depleting compartments 14 of Figure 1 
become concentrating compartments 15. Similarly, 
the concentrating compartments 20 and 22 of Fig- 
ure 1 become depleting compartments of 21 and 

20 23. Therefore, the product outlets 16 of Figure 1 
becomes a waste stream 17 while the waste 
stream 24 of Figure 1 becomes a product stream 
25. 

Referring to Figures 3 and 4, the structure of 

25 the dual compartments of this invention is shown in 
detail. The dual compartment comprises rigid spac- 
ers 38 and 40, cation permeable membranes 42 
and 44 and anion permeable membrane 46. The 
ion exchange material 48 is housed within subcom- 

30 partments formed by the membranes 42, 44 and 
46, the walls 50 and ribs 52. The membranes 42, 
44, and 46 are sealed along their entire length to 
walls 50 and ribs 52. The membranes 42, 44, and 
46 all are also sealed to the periphery of the rigid 

35 spacers 38 and 40 so that the individual subcom- 
partments 54 are effectively isolated from each 
other. Liquid to be purified enters inlet 10 passes 
along conduit 56 through inlets 58 and into the 
subcompartments 54 wherein they are subjected to 

40 an electrical voltage in order to pass cations 
through membranes 42 and 44 and anions through 
membrane 46. The purified liquid then passes 
through outlet 60 and spacer outlet 62 wherein it is 
collected in accordance with the description of Fig- 

45 ures 1 and 2. 

Referring to Figure 5, an arrangement of dual 
compartments is shown each of which includes two 
cation permeable membranes 42 and 44 and anion 
permeable membrane 46 separated by and bonded 

50 to spacers 38 and 40 as set forth above. When the 
polarity of electrode 61 is negative, the compart- 
ment including spacer 38 is an ion depleting com- 
partment while the compartment including spacer 
40 is an ion concentrating compartment. When the 

55 polarity of electrode 61 is positive and the polarity 
of electrode 64 is negative, the compartments in- 
cluding spacer 38 become ion concentrating com- 
partments and the compartments including spacer 
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40 comprise ion depleting compartments. The liq- 
uid for the depleting and concentrating compart- 
ments passing through 38 and 40 can be passed in 
series as shown in Figure 5 or in parallel thereth- 
rough or combination of series and parallel flow. An 
optional construction is shown in Figure 5 wherein 
the dual compartment structures are separated by 
neutral zones 66 which include screens 68. The 
neutral zones 66 merely function to prevent contact 
between membranes of adjacent dual compart- 
ments. The liquid for the neutral zones 66 can be 
passed in series or in parallel therethrough and can 
be fed by the feed stream, electrode streams, 
depleting or concentrating streams as desired and 
can be directed to waste or fed to the anode or 
cathode, depleting or concentrating compartments 
as desired prior to exiting the apparatus. 

Referring to Figure 6, an alternative arrange- 
ment of dual compartments is shown which ex- 
cludes the need for neutral zones as set forth in 
Figure 5. When the polarity of electrode 70 is 
negative and the polarity of electrode 72 is posi- 
tive, the compartments including spacer 38 func- 
tion as ion depleting compartments and the com- 
partments including spacer 40 function as ion con- 
centrating compartments. When the polarity of 
electrode 70 is positive and the polarity of elec- 
trode 72 is negative, the compartments including 
spacer 38 become ion concentrating compartments 
and the compartments including spacer 40 become 
ion depleting compartments. Neutral zones of the 
type shown in Figure 5 can be interposed, if de- 
sired, between dual compartments wherein each 
dual compartment concludes an odd number, e.g., 
3, 5, 7, 9 etc. of ion permeable membranes with 
anion permeable membranes alternating in position 
with cation permeable membranes. In an additional 
optional construction ion exchange resin can be 
placed in electrode streams 26, 32, 61 , 64, 70 and 
72. 

Any anion permeable membrane or cation per- 
meable membrane having the strength to withstand 
the operating pressure differential, typically up to 
about 34.48 kPa (5 psi), can be utilized in the 
present invention. It should be pointed out that 
sealing of the membranes to the ribs forming the 
subcompartments permits the use of higher operat- 
ing pressure and enhances the apparatus of the 
prior art since the assembly strength is thereby 
increased. Representative suitable ion permeable 
membranes include a homogeneous type web sup- 
ported styrene-divinylbenzene based with sulfonic 
acid or quarternary ammonium functional groups 
sold under the identification as CR 61 CZL 386 and 
AR 103 QZL 386 by Ionics, Inc,; a heterogeneous 
type web supported using styrenedivinylbenzene 
based resins in a polyvinylidine difluoride binder 
sold under the identifications MC-3470 and MA- 



3475 by Sybron/lonac; homogenous type web sup- 
ported styrenedivinylbenzene based with sulfonic 
acid or quarternary ammonium functional groups 
sold under the name Aciplex by Asahi Chemical 

5 Industry Co., Ltd. 

A process of this invention can be controlled 
by measuring a part of the conductivity for all or 
anyone of the stages and adjusting in the process 
parameters including process voltage, liquid flow 

70 voltage, temperatures, pressures and electrical cur- 
rent accordingly. Representative suitable process 
voltages are between about 1 and about 8 volts per 
dual compartment with a total voltage in the ap- 
paratus of up to about 600 volts or higher. 

75 The following example illustrates the present 
invention and is not intended to limit the same. 

EXAMPLE 1 

20 Utilizing the arrangement depicted in Figure 5, 

the process was operated under the following con- 
ditions: 

A four pass electrodeionization module as shown in 
Figure 5 was used during this test. The feed flow to 

25 the depleting and concentrating compartments was 
approximately 0.2 l/min in each stream. The feed 
composition was approximately 100 ppm calcium, 
50 ppm magnesium, 100 ppm sodium, 40 ppm 
bicarbonate, 120 ppm sulfate, and 90 ppm chloride, 

30 all as calcium carbonate. The feed conductivity was 
approximately 600 us (umhos) with a Langelier 
Scaling Index (L.S.I.) of -0.3. The applied stack 
voltage was 20.8 volts with 0.78 amps. The product 
water out of the stack ranged from 2.1 -.7 micro- 

35 siemens/cm whereas the concentrate was about 
1200 microsiemens/cm. The depleting and con- 
centrating quality data was collected starting at the 
reversal point or time zero and every 30 seconds 
for the first five minutes and every minute there- 

40 after until reversal occurred again at approximately 
15 minutes. Both the depleting cycle and con- 
centrate cycle data was collected separately. A 
Myron-L (EP Meter) conductivity meter was used 
to obtain the data. Satisfactory results also were 

45 obtained with a 2 pass module. 

As shown in Figure 7, at reversal of voltage 
polarity, the newly formed depleting stream 
changes from 1200 microsiemens/cm to 6-7 micro- 
siemens/cm with a 600 microsiemens/cm feed wa- 

50 ter within 1 minute. The newly formed concentrate 
stream has enough hydrogen ion and hydroxyl ion 
capacity from electroregeneration in the previous 
cycle to continue to produce 1.5 to 15 us (umho) 
water for about 30 seconds even though ions are 

55 being added to the cells. The 30 second additional 
production of high quality water in the newly 
formed concentrate cells makes it advantageous to 
delay hydraulic switching of the streams providing 
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enough time for the newly formed diluting cells to 
recover to dilute operation. Delayed switching also 
avoids water waste and allows for continuous flow. 
Typical reversal cycles can be between about two 
minutes and two hours and more usually between 5 
about 10 and 40 minutes. 

Claims 



1. Electrodeionization apparatus adapted to re- 
move ions from a liquid comprising: 
a first cathode compartment at a first end of 
said apparatus, 

a first anode compartment at the end of said 
apparatus that is opposite of said first end, 
ion depleting compartments, ion concentrating 
compartments and ion permeable membranes, 
each of said ion depleting compartments and 
each of said ion concentrating compartments 
comprising a spacer and a plurality of ion 
depleting subcompartments and ion concen- 
trating subcompartments 
said subcompartments being formed by a plu- 
rality of ribs extending along the length of each 
of said ion depleting compartments and said 
ion concentrating compartments, 
each of said ion depleting subcompartments 
and said ion concentrating subcompartments 
having a rib defined by the distance between 
said ribs of between about 0.762 to 10.16 cm 
(0.3 and 4 inches) and a thickness between 
about 0.127 to 0.635 cm (0.05 and 0.25 inches) 
wherein the thickness of said subcompart- 
ments is defined by the distance between an 
anion permeable membrane and a cation per- 
meable membrane, 

each of said ion permeable membranes being 
bonded to a spacer and said ribs within a 
spacer, 

means for passing a first liquid to be purified 
through said ion depleting compartments 
means for passing a second liquid for accept- 
ing ions from said first liquid through said ion 
concentrating compartments, 
means for supplying an electrical voltage be- 
tween an anode in said anode compartment 
and a cathode within said cathode compart- 
ment, 

a plurality of "dual compartments" comprising 
an ion depleting compartment and an ion con- 
centrating compartment and an odd number of 
at least three ion permeable membranes al- 
ternately positioned along the length of said 
dual compartments, wherein each of said ion 
depleting subcompartments and said ion con- 
centrating subcompartments contain an ion ex- 
change resin composition, 
means for reversing polarity of said electrical 



voltage to convert said anode to a second 
cathode and to convert said cathode to a sec- 
ond anode and to convert said ion depleting 
compartments to second ion concentrating 
compartments and to convert said ion con- 
centrating compartments to second ion deplet- 
ing compartments and, means for recovering a 
liquid product having low conductivity continu- 
ously from said ion depleting compartments 
70 and said second ion depleting compartments. 

2. The apparatus of claim 1 wherein said plurality 
of dual compartments are joined directly to 
each other and wherein adjacent dual compart- 

75 ments share a common ion permeable mem- 

brane. 

3. The apparatus of claim 1 wherein at least a 
portion of said plurality of dual compartments 

20 are separated by neutral zones and means for 

passing a third liquid through each of said 
neutral zones. 

4. The apparatus of claim 2 wherein said plurality 
25 of dual compartments are separated from each 

other by a neutral zone and means for passing 
a third liquid through each of said neutral 
zones. 

30 5. The apparatus of claim 1 wherein the width of 
said subcompartments is between about 1.27 
and 3.81 cm (0.5 and 1 .5 inches). 

6. The apparatus of claim 1 wherein the thickness 
35 of said subcompartments is between about 

0.152 and 0.317 cm (0.06 and 0.125 inches). 

7. The apparatus according to any one of claims 
1 to 6 wherein the ion exchange resin com- 
position comprises a mixture of anionic ex- 
change resin beads and cationic exchange res- 
in beads and wherein the volume ratio of an- 
ionic exchange resin beads to cationic ex- 
change resin beads in said ion depleting com- 

45 partments and in said ion concentrating com- 

partments is between about 2.0 and 0.5. 

8. The apparatus of any one of claims 1 to 6 
wherein the anode compartments and the cath- 

50 ode compartments are filled with an ion ex- 

change resin composition. 

9. A process of removing ions from a liquid by 
electrodeionization comprising the steps of: 

55 passing a first liquid to be purified through ion 

depleting compartments 
passing a second liquid for accepting ions 
from said first liquid through ion concentrating 



40 



o 



15 



EP 0 379 116 B1 



16 



compartments 

supplying an electrical voltage between an an- 
ode within an anode compartment and a cath- 
ode within a cathode compartment 
characterized by: 

passing the liquids through a plurality of dual 
compartments comprising an ion depleting 
compartment and an ion concentrating com- 
partment and an odd number of at least three 
ion permeable membranes, wherein the deplet- 
ing and concentrating compartments are di- 
vided by spacers into subdepartments contain- 
ing ion exchange resin compositions, 
reversing the polarity of said electrical voltage 
in periodical reversal cycles of two minutes to 
two hours to convert said anode to a second 
cathode and to convert said cathode to a sec- 
ond anode and to convert said ion depleting 
compartments to ion concentrating compart- 
ments and to convert said ion concentrating 
compartments to ion depleting compartments 
and recovering a liquid product having low 
conductivity continuously from said ion deplet- 
ing compartments. 

10. A process of claim 9, wherein the reversal time 
of the cycles is between 10 and 40 minutes. 

Patentanspruche 

1. Elektrodeionisierungsvorrichtung zur Entfer- 
nung von lonen aus einer Flussigkeit, umfas- 
send: 

eine erste Kathodenkammer an einem ersten 
Ende der Vorrichtung, 

eine erste Anodenkammer an dem dem ersten 
Ende gegenuberliegenden Ende der Vorrich- 
tung, 

lonenentfernungskammern, lonenanreiche- 
rungskammern und ionenpermeable Membra- 
nen, wobei jede der lonenentfernungskammern 
und jede der lonenanreicherungskammern eine 
Abstandsvorrichtung und eine Mehrzahl von lo- 
nenentfernungsunterkammern und lonenanrei- 
cherungsunterkammern aus einer Mehrzahl 
von sich in Langsrichtung jeder der lonenent- 
fernungskammern und lonenanreicherungs- 
kammern erstreckenden Rippen umfaBt, jede 
der lonenentfernungsunterkammern und der lo- 
nenanreicherungsunterkammern eine durch 
den Abstand zwischen den Rippen von zwi- 
schen etwa 0,762 und 10,16 cm (0,3 - 4 in- 
ches) definierte Rippe und eine Dicke zwi- 
schen etwa 0,127 und 0,635 cm (0,05 und 0,25 
inches) - wobei die Dicke der Unterkammern 
durch den Abstand zwischen einer anionenper- 
meablen Membran und einer kationenperme- 
ablen Membran definiert ist - aufweist und jede 



der ionenpermeablen Membranen an eine Ab- 
standsvorrichtung und die Rippen in einer Ab- 
standsvorrichtung gebunden ist, 
Mittel zum Durchleiten einer ersten zu reini- 
5 genden Flussigkeit durch die lonenentfer- 

nungskammern, 

Mittel zum Durchleiten einer zweiten Flussig- 
keit zur Aufnahme von lonen aus der ersten 
FlUssigkeit durch die lonenanreicherungskam- 
;o mem, 

Mittel zum Anlegen einer elektrischen Span- 
nung zwischen einer Anode in der Anoden- 
kammer und einer Kathode in der Kathoden- 
kammer, 

75 wobei eine Mehrzahl von "Doppelkammern" 

eine lonenentfernungskammer und eine lonen- 
anreicherungskammer und eine ungerade Zahl 
von mindestens drei, abwechselnd in Langs- 
richtung der Doppelkammern angeordneten io- 

20 nenpermeablen Membranen umfaBt, wobei 

jede der lonenentfernungsunterkammern und 
der lonenanreicherungsunterkammern eine lo- 
nenaustauschharzzusammensetzung enthalt, 
Mittel zur Polaritatsumkehr der elektrischen 

25 Spannung zur Umwandlung der Anode in eine 

zweite Kathode, der Kathode in eine zweite 
Anode, der lonenentfernungskammern in zwei- 
te lonenanreicherungskammern und der lonen- 
anreicherungskammern in zweite lonenentfer- 

30 nungskammern und 

Mittel zum kontinuierlichen Wiedergewinnen ei- 
nes fltissigen Produkts niedriger Leitfahigkeit 
aus den lonenentfernungskammern und den 
zweiten lonenentfernungskammern. 

35 

2. Vorrichtung nach Anspruch 1 , wobei die Mehr- 
zahl an Doppelkammern direkt miteinander 
verbunden sind und wobei benachbarte Dop- 
pelkammern eine gemeinsame ionenpermeab- 

40 le Membran teilen. 

3. Vorrichtung nach Anspruch 1, wobei minde- 
stens ein Teil der Mehrzahl der Doppelkam- 
mern durch neutrale Zonen und Mittel zur 

45 Durchleitung einer dritten Flussigkeit durch 

jede der neutralen Zonen getrennt sind. 

4. Vorrichtung nach Anspruch 2, wobei die Mehr- 
zahl der Doppelkammern voneinander durch 

so eine neutrale Zone und Mittel zur Durchleitung 

einer dritten Flussigkeit durch jede der neutra- 
len Zonen getrennt sind. 

5. Vorrichtung nach Anspruch 1, wobei die Breite 
55 der Unterkammern zwischen etwa 1,27 und 

3,81 cm (0,5 und 1,5 inches) liegt. 
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6. Vorrichtung nach Anspruch 1, wobei die Dicke 
der Unterkammern zwischen etwa 0,152 und 
0,317 cm (0,06 und 0,125 inches) betragt. 

7. Vorrichtung nach einem der Anspruche 1 bis 
6, wobei die lonenaustauschharzzusammenset- 
zung ein Gemisch aus anionischen Austausch- 
harzperlen und kationischen Austauschharzper- 
len umfaSt und das Volumen-Verhaltnis anioni- 
sche Austauschharzperlen/kationische Aus- 
tauschharzperlen in den lonenentfernungskam- 
mern und in den lonenanreicherungskammern 
zwischen etwa 2,0 und 0,5 liegt. 

8. Vorrichtung nach einem der Anspruche 1 bis 
6, wobei die Anodenkammern und die Katho- 
denkammern mit einer lonenaustauschharzzu- 
sammensetzung gefullt sind. 

9. Verfahren zur Entfernung von lonen aus einer 
Flussigkeit durch Elektrodeionisieren, umfas- 
send die folgenden Schritte: 

Durchleiten einer ersten zu reinigenden Flus- 
sigkeit durch lonenentfernungskammern, 
Durchleiten einer zweiten Flussigkeit zur Auf- 
nahme von lonen aus der ersten Flussigkeit 
durch lonenanreicherungskammern, 
Anlegen einer elektrischen Spannung zwischen 
einer Anode in einer Anodenkammer und einer 
Kathode in einer Kathodenkammer, 
gekennzeichnet durch 

Durchleiten der Fliissigkeiten durch eine Mehr- 
zahl von Doppelkammern mit einer lonenent- 
fernungskammer und einer lonenanreiche- 
rungskammer und einer ungeraden Zahi von 
mindestens drei ionenpermeablen Membranen, 
wobei die Entfernungs- und Anreicherungs- 
kammern durch Abstandsvorrichtungen in Un- 
terkammern mit lonenaustauschharzzusam- 
mensetzungen getrennt sind, 
Umkehren der Polaritat der elektrischen Span- 
nung in periodischen Umkehrzyklen von 2 min 
bis 2 h zur Umwandlung der Anode in eine 
zweite Kathode, der Kathode in eine zweite 
Anode, der lonenentfernungskammern in lo- 
nenanreicherungskammern und der lonenanrei- 
cherungskammern in lonenentfernungskam- 
mern und 

kontinuierliches Wiedergewinnen eines flussi- 
gen Produkts niedriger Leitfahigkeit aus den 
lonenentfernungskammern. 

10. Verfahren nach Anspruch 9, wobei die Um- 
kehrzeit der Zyklen zwischen 10 und 40 min 
liegt. 



Revendications 

1. Appareil d'6lectrod6sionisation adapts pour en- 
lever des ions d'un liquide, comprenant : 

5 un premier compartiment de cathodes k 

une premifere extK§mit6 dudit appareil, 

un premier compartiment d'anodes a I'ex- 
tremitS dudit appareil qui est oppose a ladite 
premiere extremite, 

to des compartiments d'appauvrissement 

d'ions, des compartiments de concentration 
d'ions et des membranes perm^ables aux 
ions, 

chacun desdits compartiments d'appau- 

15 vrissement d'ions et chacun desdits comparti- 

ments de concentration d'ions comprenant un 
s^parateur et une plurality de sous-comparti- 
ments d'appauvrissement d'ions et des sous- 
compartiments de concentration d'ions 

20 lesdits sous-compartiments etant formes 

par une pluralite de barres s'&endant le long 
de la longueur de chacun desdits comparti- 
ments d'appauvrissement d'ions et desdits 
compartiments de concentration d'ions, 

25 chacun desdits sous-compartiments d'ap- 

pauvrissement d'ions et desdits sous-comparti- 
ments de concentration d'ions ayant une barre 
d^finie par la distance entre lesdites barres, 
comprise entre 0,762 et 10,16 cm environ (0,3 

30 et 4 pouces) et une epaisseur comprise entre 

0,127 et 0,635 cm environ (0,05 et 0,25 pou- 
ces) dans lequel I'epaisseur desdits sous-com- 
partiments est definie par la distance entre une 
membrane permeable aux anions et une mem- 

35 brane permeable aux cations, 

chacune desdites membranes permeables 
aux ions etant collees au s£parateur et auxdi- 
tes barres du separateur, 

un dispositif pour faire passer un premier 

40 liquide h purifier a travers lesdits comparti- 

ments d'appauvrissement d'ions 

un dispositif pour faire passer un second 
liquide pour accepter des ions dudit premier 
liquide a travers lesdits compartiments de 

45 concentration d'ions, 

un dispositif pour fournir une tension £lec- 
trique entre une anode dans ledit comparti- 
ment d'anodes et une cathode dans ledit com- 
partiment de cathodes, 

50 une plurality de compartiments doubles 

comprenant un compartiment d'appauvrisse- 
ment d'ions et un compartiment de concentra- 
tion d'ions et un nombre impair d'au moins 
trois membranes permeables aux ions posi- 

55 tionn^es alternativement le long de la longueur 

desdits compartiments doubles, dans lesquels 
chacun desdits sous-compartiments d'appau- 
vrissement d'ions et lesdits sous-comparti- 
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ments de concentration d'ions contiennent une 
composition de resine d'£change d'ions, 

un dispositif pour inverser la polarity de 
ladite tension yiectrique pour convertir ladite 
anode en une seconde cathode et pour 
convertir ladite cathode en une seconde anode 
et pour convertir lesdits compartiments d'ap- 
pauvrissement d'ions en des seconds compar- 
timents de concentration d'ions et pour conver- 
tir lesdits compartiments de concentration 
d'ions en des seconds compartiments d'ap- 
pauvrissement d'ions et, un dispositif pour re- 
cup§rer un produit liquide ayant continuelle- 
ment une conductivity faible k partir desdits 
compartiments d'appauvrissement d'ions et 
desdits seconds compartiments d'appauvrisse- 
ment d'ions. 

2. Appareil selon fa revendication 1 dans lequel 
ladite pluralite de compartiments doubles sont 
directement joins les uns aux autres et dans 
lequel des compartiments doubles voisins par- 
tagent une membrane commune permeable 
aux ions. 

3. Appareil selon la revendication 1 dans lequel 
au moins une partie de ladite plurality des 
compartiments doubles sont s£pares par des 
zones neutres et un dispositif pour passer un 
troisieme liquide a travers chacune desdits zo- 
nes neutres. 

4. Appareil selon la revendication 2, dans lequel 
ladite .pluralite de compartiments doubles sont 
s^pares les uns des autres par une zone neu- 
tre et un dispositif pour faire passer un troisie- 
me liquide k travers chacune desdites zones 
neutres. 

5. Appareil selon la revendication 1, dans lequel 
la largeur desdits sous-compartiments est 
comprise entre 1,27 et 3,81 cm environ (0,5 et 
1 ,5 pouces). 

6. Appareil selon la revendication 1 dans lequel 
l^paisseur desdits sous-compartiments est 
comprise entre 0,152 et 0,317 cm environ 
(0,06 et 0,125 pouces). 



d'ions et dans lesdits compartiments de 
concentration d'ions est compris entre 2 et 0,5 
environ. 

5 8. Appareil selon Tune quelconque des revendi- 
cations 1 a 6 dans lequel les compartiments 
d'anodes et les compartiments de cathode 
sont remplis avec une composition de resine 
d'echange d'ions. 

70 

9. Processus d'enl&vement d'ions d'un liquide 
par 6lectrod§sionisation comprenant les Stapes 
de : 

passage d'un premier liquide a purifier k 
15 travers des compartiments d'appauvrissement 

d'ions 

passage d'un second liquide pour accepter 
des ions dudit premier liquide k travers des 
compartiments de concentration d'ions 
20 fourniture d'une tension yiectrique entre 

une anode dans un compartiment d'anodes et 
une cathode dans un compartiment de catho- 
des 

caracterise par : 

25 le passage des liquides a travers une plu- 

ralite de compartiments doubles comprenant 
un compartiment d'appauvrissement d'ions et 
un compartiment de concentration d'ions et un 
nombre impair d'au moins trois membranes 

30 permeables aux ions, dans lequel les comparti- 

ments d'appauvrissement et de concentration 
sont divises par des s^parateurs en sous-com- 
partiments contenant des compositions de re- 
sine d'echange d'ions, 

35 I'inversion de la polarite de ladite tension 

electrique pendant des cycles d'inversion pe- 
riodiques de deux minutes a deux heures pour 
convertir ladite anode en une seconde cathode 
et pour convertir ladite cathode en une second 

40 anode et pour convertir lesdits compartiments 

d'appauvrissement d'ions en compartiments de 
concentration d'ions et pour convertir lesdits 
compartiments de concentration d'ions en 
compartiments d'appauvrissement d'ions et la 

45 recuperation d'un produit liquide ayant conti- 

nuellement une conductivity faible k partir des- 
dits compartiments d'appauvrissement d'ions. 

10. Processus selon la revendication 9, dans le- 
quel le temps d'inversion des cycles est com- 
pris entre 10 et 40 minutes. 



7. Appareil selon Tune quelconque des revendi- 50 
cations 1 k 6 dans lequel la composition de la 
resine d'dchange d'ions comprend un melange 
de perles de r£sine d'echange anionique et de 
perles de resine d'echange cationique et dans 
lequel le rapport de volume des perles de 55 
resine d'echange anionique par rapport aux 
perles de resine d'echange cationique dans 
lesdits compartiments d'appauvrissement 
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